pounds with different magnetic states of metal phthalocyanines. We also discuss the effect of reduction on the molecular structure and the optical and magnetic properties of negatively charged titanyl and vanadyl phthalocyanines.
Salts with titanyl and vanadyl phthalocyanine radical anions. Molecular design and effect of cations on the structure and magnetic and optical properties † Dmitri V. Konarev 
Introduction
Metal-free and metal-containing phthalocyanines can possess promising optical, conducting and magnetic properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] As a result, some phthalocyanine derivatives are used as sensors and as materials for optical, photoelectronic and photovoltaic devices. 1, 2 To obtain conducting compounds phthalocyanines should be partially oxidized to introduce an unpaired electron into the phthalocyanine macrocycle. A columnar or layered arrangement of such macrocycles together with effective π-π stacking provides semiconductivity or quasi-one-dimensional metallic conductivity. [3] [4] [5] [6] [7] The paramagnetic atoms in the center of the phthalocyanine macrocycle can induce a giant magnetoresistance. [5] [6] [7] Molecular magnets containing manganeseĲIII) phthalocyanine or substituted naphthalocyanine cations and tetracyanoethylene radical anions are also known. 8, 9 All these compounds were obtained by oxidation of metal phthalocyanines. Potentially, reduced metal-free and metal-containing phthalocyanines can also exhibit interesting magnetic or conducting properties. Theoretical calculations showed the possibility of metallic conductivity or even superconductivity at electron doping of non-transition metal phthalocyanines. 10 Compounds with effective magnetic coupling of spins were obtained. For example, ferrimagnetic ordering of spins below 4.5 K was found in (Cp* 2 Cr spins. 11 Magnetic interactions are manifested between the Pc˙3 − macrocycles in the case of their effective π-π interactions in dimers or layers. 12, 13 Reduction of metal phthalocyanines is realized at −0.4-−0.8 V vs. SCE in solutions. 14, 15 Therefore, all manipulations of metal phthalocyanine radical anions require anaerobic conditions. Probably, for this reason this field has been developed only recently and the number of reduced metal phthalocyanines obtained till now as crystals is still rather limited. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Among them there are salts with cobaltĲI) and ironĲI) phthalocyanine anions [16] [17] [18] [19] [20] as well as ironĲI) hexadecachlorophthalocyanine anions. 21, 22 Their formation is accompanied by the reduction of metal atoms in the phthalocyanines. ), 33 and
. 34 In these compounds, the negative charge on Pc˙3 − or Pc 4− is compensated for by the positive +3 or +4 charge on the central metal atom. Reduced metal phthalocyanines can show strong magnetic coupling of spins especially when they have only one axial ligand assisting the formation of π-stacking dimers in the salts. 12, 35 In this work we summarize our results on the preparation and study of radical anion salts of titanyl (Ti IV OPc) and vanadyl (V IV OPc) phthalocyanines 12, 27, 35 and present new salts of these phthalocyanines (Table 1) . Different synthetic approaches for the preparation of these salts are presented. The effect of reduction on the molecular structure and properties of titanyl and vanadyl phthalocyanines is also discussed. In this work we discuss how the crystal structures of the salts can be affected by using cations of different size and shape. We found that it is possible to affect the overlapping degree of the Pc˙3 − macrocycles in the dimers thereby affecting the magnetic and optical properties of the salts. Based on these data we show how it is possible to control the properties of the compounds by methods of molecular design.
Results and discussion
Synthesis
Metal phthalocyanines can be reduced by sodium fluorenone ketyl which can be prepared by direct interaction of fluorenone with metallic sodium in toluene. 36 The first oxidation potential of this reductant of −1.3 V vs. Ag/AgCl (or −1.345 vs. SCE) in CH 2 Cl 2 (ref. 37 ) allows the generation of radical anions of nearly all metal phthalocyanines. 14, 15 The sodium metal cation of the reductant is substituted by different organic cations at the reduction and these cations become the counterions of reduced metal phthalocyanine (see reaction 1). The reaction is carried out in pure o-dichlorobenzene (or in some cases in the presence of benzonitrile). Sodium halides are insoluble in these solvents; they precipitate from the solution to yield pure phthalocyanine salt. (Table 1) .
M(Pc
It is important to use solvents which cannot solvate alkali metal cations, allowing their precipitation from the solution as chloride, bromide or iodide salts. The presence of cations of two types in the synthesis such as solvated alkali metal and organic cations generally does not allow the preparation of good quality single crystals. We used solvents purified of traces of oxygen and water by distillation over CaH 2 or sodium benzophenone under argon and then degassing prior to use. All manipulations for the synthesis of the salts were carried out in a glove box with a controlled atmosphere and content of water and oxygen less than 1 ppm. It should be noted that although pristine metal phthalocyanines are very sparingly soluble in organic solvents, their radical anion salts especially with large organic cations are highly soluble in o-dichlorobenzene. Slow mixing of their solutions with n-hexane in the diffusion tube for 1-2 months allowed the preparation of good quality single crystals which precipitated on the walls of the tube. Crystals were studied by X-ray diffraction. After thorough separation of the crystals from any admixtures under a microscope and determination of possible phases according to the unit cell parameters, we analyzed their optical and magnetic properties. The latter properties were studied for polycrystalline samples sealed under an In the studies on fullerene salts, the authors derived the concept of multi-component approach in which a neutral component is added along with the source of the counterion to define the crystal packing at the salt. 41 This method is successfully applied also in the anionic phthalocyanine chemistry. The aromatic hydrocarbon triptycene (TPC) can form layers with hexagonal vacancies which can accommodate The Pc planes are arranged in these dimers very close to each other with an interplanar distance of only 3.13 Å, and 18 short van der Waals C,N⋯C,N contacts are formed between the phthalocyanines. There are several side-by-side C⋯C contacts in the layers between phthalocyanines belonging to neighboring dimers. These contacts are shown by green dashed lines in Fig. 2a )}˙− salts with tetraoctylammonium cations were not obtained. However, our previous study shows that this cation assists in the formation of structures with a perpendicular arrangement of the Pc planes and large channels occupied by cations and solvent molecules. 23 The structure of provides an anisotropic magnetoresistance according to the direction of magnetic field.
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Data of magnetic measurements for the discussed salts are listed in Table 2 . For all the salts with titanyl phthalocyanine radical anions, effective magnetic moments are in the 1.71-1.80 μ B range at 300 K ( Table 2) . A theoretically calculated value for the system with one non-interacting S = 1/2 spin is equal to 1.73 μ B and the observed magnetic moments of the salts are close to this value.
For salt 1 with the smallest Et 4 N + cations the decrease of molar magnetic susceptibility is observed below 300 K and dimers are transferred to the diamagnetic singlet state below 150 K (ref. 12) (Fig. 7a) . Such a behavior can be explained by triplet-singlet transitions in the dimers at very strong antiferromagnetic coupling between spins. 12 However, when we try to fit the experimental data by the Heisenberg model for pairs of isolated antiferromagnetically interacting spins, 40 this model does not describe well the magnetic behavior of 1.
At the same time the observed magnetic behavior can be fitted well by the Heisenberg model for quasi-twodimensional square layers 38 with a very large exchange inter- (10) increases their size and additionally shifts the Pc˙3 − macrocycles in the dimers. 35 The magnetic behavior of 10 is described well by the Heisenberg model for pairs of isolated antiferromagnetically coupled spins with an exchange interaction of −123 K. This interaction is still rather large, providing transition of the dimers to the diamagnetic state below T < 130 K, but it is nearly two times smaller than that in 1.
The use of the model for pairs is supported by the isolation of dimers in 10 since SOMO-SOMO overlap integrals with the neighboring dimers within the layers are smaller than 0.1 × 10 −3 . The magnetic properties of salts 4-7 are presented in the ESI † (Fig. S15-S18 (Fig. 5) . In this case only weak antiferromagnetic coupling between spins is realized with a Weiss temperature of −3 K (Table 2 and Fig. S16 †) . Similar weak magnetic interactions were found for different salts with the radical anions of copperĲII), nickelĲII), tinĲII), leadĲII) and metalfree phthalocyanines having nearly isolated packing of the Pc˙3 − (or H 2 Pc˙−) macrocycles. 12 The largest magnetic coupling among these salts with a Weiss temperature of −17 K was found for (Bu 4 (Table 2 ). These salts have effective magnetic moments from 2.19 to 2.41 μ B at 300 K in accordance with the presence of two S = 1/2 spins per one radical anion ( Table 2 ). The calculated value for the system with two noninteracting S = 1/2 spins is equal to 2. All of them show similar magnetic behavior with a slight increase of the magnetic moment below 60 K and its abrupt decrease at low temperatures (T < 10 K) ( Fig. 7b and c for salts 5 and 7, respectively). Such a magnetic behavior can be described well by a modified singlet-triplet (S-T) model 39 with a rather strong ferromagnetic intramolecular exchange interaction between the Pc˙3 − and V IV spins.
This intramolecular exchange interaction ( J/k B ) ranges from +3.3 up to +7.7 K, while weak antiferromagnetic intermolecular coupling between the Pc˙3 − macrocycles is found with a Weiss temperature (Θ) from −1.3 up to −2.3 K. In the case of 5, 7 and 15 intermolecular coupling is weak due to the absence of π-π interactions between Pc˙3 − . When more effective π-π interactions are realized in 3 and 11, antiferromagnetic intermolecular exchange interactions can attain essentially larger values (up to J/k B = −105 K for 11). 35 Since this value is nearly 10 times larger than those for the ferromagnetic intramolecular interactions, the total magnetic behavior of these salts is antiferromagnetic. Ferromagnetic intramolecular interactions and antiferromagnetic intermolecular (Fig. 8a) (Fig. 9b) . This salt has some peculiarities due to the formation of multiple hydrogen bonds between hydrogen atoms of two i-Pr 2 Im + cations and oxygen atoms of {V IV OĲPc˙3 − )}˙− (Fig. 9b) . The shortest bonds are formed between the H atom of the imidazole ring and two oxygen atoms of 2.487 and 2.525 Å lengths. Moreover, two hydrogen atoms of two methyl groups of i-Pr of each i-Pr 2 Im + approach close to the oxygen atoms. Each oxygen atom forms a total of four such short contacts with HĲi-Pr)⋯O distances of 2.58-2.88 Å (not shown in Fig. 9b ). As a result, two oxygen atoms involved in the hydrogen bonding approach very close to each other at a 2.958 Å distance. Chains of alternating phthalocyanine dimers and cations in 9 are directed along the a axis. However, phthalocyanine planes have a different incline in the neighboring chains within the layer, forming a parquet structure. The dihedral angle between the 24-atom Pc planes of two {V alternate with the cationic MDABCO + layers containing additional neutral TPC molecules (Fig. 10b) . One-dimensional chains from the [{Ti IV OĲPc˙3 − )}˙−] 2 dimers with close interphthalocyanine contacts can be outlined in the layers of 12 along the c axis (Fig. 11a) . These chains are formed in such a way that the planes of phthalocyanines in each dimer are located obliquely relative to the cationic layers and dimers form stacks along the c axis with effective overlapping between phthalocyanines (Fig. 11a) . The view along the phthalocyanine layers approximately along the a axis shows that the overlapping between the Pc˙3 − macrocycles in this direction is realized as in other salts at the shift of Pc˙3 − in the dimers (Fig. 11b) . As a result, the packing of phthalocyanine layers in 12 is closer to a two-dimensional one (Fig. 10a) . Previously, a multi-component layered fullerene complex (MDABCO The observed shift is smaller than that in 2 (5.12 Å) but essentially larger than that in 1 (2.005 Å). It is seen that using different synthetic approaches and small cations of different sizes and shapes allows one to essentially modify the crystal structures of the salts, potentially affecting the magnetic and optical properties.
To conclude on the overlapping of Pc˙3 − in the phthalocyanine dimers, four types of π-π interactions between the 24-atom Pc planes can be considered (Fig. 12) . The most effective overlapping with the shift of the Pc˙3 − macrocycles by 2.005 Å is observed in 1 (Fig. 12a) as well as in 8 and 13. Partial overlapping with the shift of the Pc˙3 − macrocycles by 5.12 Å is observed in 2 (Fig. 12b ). Weak overlapping with the shift of the Pc˙3 − macrocycles by 5.61 Å is found for 4 and 9
( Fig. 12c) . Salt 12 has intermediate overlapping with the shift of the Pc˙3 − macrocycles by 4.29 Å (Fig. 12d) 5. Jahn-Teller distorted molecular structure and effect of reduction on the optical properties of titanyl and vanadyl phthalocyanines
In this section we consider the effect of reduction on the geometry of titanyl and vanadyl phthalocyanines (Table 4) ) was studied by single crystal X-ray diffraction 43 (Table 4 ).
There are two types of C-N bonds in the Pc macrocycles with pyrrole (pyr) and imine (im) nitrogen atoms. The C-N pyr bond lengths are 1.374 (6) )}˙− radical anions provides obvious alternation of these bonds since four bonds belonging to two oppositely located isoindole units become short but four other bonds belonging to two other oppositely located isoindole units become long (Table 4 and Fig. 13a) . The difference between the short and long bonds of 0.022-0.038 (Table 4) essentially exceeds the error in the determination of the lengths of these bonds. Additionally, the alternation of the C-C bonds in the pyrrole rings (which are not involved in the phenylene substituents) is also observed, and among eight bonds four bonds are short and four other bonds are long as shown in Fig. 13a . The difference between the short and long bonds is in the 0.020-0.029 Å range ( Table 4) .
The reason for the bond alternation can be clearly explained in terms of the Jahn-Teller (JT) theory. According to the theoretical works [44] [45] [46] the calculated potential surface of phthalocyanine radical anions has four special points: two equivalent minima and two saddle points (two barriers between these minima). The potential minima correspond to rectangular deformations of the Pc macrocycles while transition states correspond to rhombic ones. All these deformations reduce the symmetry from C 4v to C 2v but they are characterized by different bond structures as shown in Fig. 13b and c. Recent studies show relatively small energy barriers between the JT deformations for free phthalocyanines in the gas phase, suggesting the dynamical JT phenomena. However, in the case of monoclinic crystals, the presence of a low-symmetry environment for the radical anions stabilizes the lower-symmetry JT configurations. It can be concluded from a comparative analysis of experimental data and the data of theoretical calculations that rectangular distortions are observed for the Pc˙3 − macrocycles in all the salts with the alternation of the C-N im and the C-C bonds in the pyrrole rings ( Fig. 13a and b) . However, no predicted alternation of the N pyr -M IV bonds (Fig. 13b ) was found. Rhombic type distortions (Fig. 13c) were not found in the experimental structures of the {M (Table 4) . Therefore, the appearance of an additional electron on the Pc˙3 − macrocycles slightly enhances the bonding ability of a Pc ligand. In accordance with the shortening of the M-N pyr bonds the displacement of metal atoms from the 24-atom Pc plane decreases at the formation of salts (Table 4) . It is also seen that the MO bonds are slightly elongated in the salts (Table 4 ) most probably due to stronger bonding of Pc˙3 − to the metal atoms. The spectra of the salts in the IR region are presented in Fig. S1-S9 , † whereas those in the UV-visible-NIR range are presented in Fig. S10-S14 . † The optical properties of salts 1-3, 10, 11, and 15 were published previously. ) shows the Soret band at 350 nm and the Q-band with a maximum at 713 nm (Fig. 14) . Obviously, the Q-band is split into three bands but other bands are not well pronounced. There is no absorption in the spectrum of Ti IV OĲPc 2− ) over 900 nm (Fig. 14) . The spectra of the salts are similar and strongly different from those of pristine Ti IV OĲPc 2− ) (Fig. 14) . New bands are manifested in the spectra of the salts in the NIR range with maxima at 1000 nm (Fig. 14) . These bands are associated with the population of The Soret band is positioned at 337-344 nm in the spectra of the salts but the Q-band is split into three bands observed at 592-599, 630-636 and 700-706 nm (Fig. 14) . The intensity of relatively weak and broad charge transfer (CT) bands between {Ti IV OĲPc˙3 − )}˙− in the dimers is defined by the π-π interactions between Pc˙3
− . Weak overlapping of Pc˙3 − in 2, 4 and 6 does not allow the observation of CT bands. These bands are manifested in the spectra of salts 1 and 10 with noticeable overlap integrals. These bands are observed in the spectra of 1 (Fig. 14) ) over 900 nm (Fig. 15) . New bands appear in the spectra of the salts at 1000-1006 nm. Both Soret and Q-bands are noticeably blue shifted and appear in the spectra of the salts as a single band at 339 nm (the Soret band) and the split Q-band at 593-604 and 634-640, and the third band is well pronounced in the spectrum of 11 at 693 nm (Fig. 15) . There is also a set of weak bands between 700 and 1000 nm (Fig. 15) . Similarly to the {Ti IV OĲPc˙3 − )}˙− salts there are no CT bands in the spectra of 5 and 7 which have relatively weak Pc˙3 − overlapping.
At the same time an intense CT band with a maximum at 1447 nm is observed in the spectrum of 11 which has the largest π-π overlapping between Pc˙3 − among the studied {V IV OĲPc˙3 − )}˙− salts and shows effective magnetic coupling between spins. Thus, the presence of relatively Table 4 Geometric parameters of titanyl and vanadyl phthalocyanines in pristine compounds and selected radical anion salts
Compound
Average bond length in the macrocycle, Å (see Fig. 13a intense CT bands in the spectra of the salts with phthalocyanine dimers can guarantee the observation of rather effective magnetic coupling between spins.
Conclusion
We developed several approaches for the synthesis of salts with titanyl and vanadyl phthalocyanine radical anions: the synthesis of 1 : 1 salts as solvent-free or solventcontaining phases with the cations of different sizes, the insertion of neutral components into the radical anion salts and finally the synthesis of the salts containing two cations and an additional counter anion per one phthalocyanine molecule. The reduction of these metallophthalocyanines centered on the macrocycles is accompanied by the formation of the Pc˙3 − radical trianions. ) was obtained as previously described. 49 Solvents were purified in an argon atmosphere and degassed. o-Dichlorobenzene (C 6 H 4 Cl 2 ) was distilled over CaH 2 under reduced pressure, benzonitrile was distilled over Na under reduced pressure, and n-hexane was distilled over Na/benzophenone. All manipulations for the syntheses of 4-9 and 12-14 were carried out in an MBraun 150B-G glove box with a controlled argon atmosphere and the content of H 2 O and O 2 less than 1 ppm. The solvents and crystals were stored in the glove box. Polycrystalline samples of 4-7 were placed in ) and selected salts 1, 2, 4 and 6 in the UV-visible-NIR ranges in KBr pellets. Pellets for the salts were prepared under anaerobic conditions. quartz tubes of 2 mm diameter in anaerobic conditions (under argon) and sealed at ambient pressure or under a 10 were described previously. The crystals of other salts were obtained by diffusion technique. The reaction mixture was cooled to room temperature and filtered into a glass tube for diffusion, of 1.8 cm diameter and 50 mL volume with a ground glass plug, and then 30 mL of n-hexane was layered over the solution. Slow mixing of the solutions resulted in the precipitation of crystals over 1-2 months. The solvent was then decanted from the crystals, and they were washed with n-hexane. All crystals had a characteristic copper luster. The compositions of the obtained salts were determined from X-ray diffraction analysis on a single crystal. Several crystals from one synthesis were found to consist of a single crystalline phase. Due to the high air sensitivity of 4-9 and 12-14, elemental analysis could not be used to confirm the composition because these salts reacted with oxygen in the air before the quantitative oxidation procedure could be performed Crystal structure determination X-ray diffraction data for 4-9 and 12-14 were collected on an Oxford diffraction "Gemini-R" CCD diffractometer with graphite monochromated MoK α radiation using an Oxford Instrument Cryojet system (Table 5) . Raw data reduction to F 2 was carried out using CrysAlisPro, Oxford Diffraction Ltd. The structures of 4-9 and 12-14 were solved by direct methods and refined by the full-matrix least-squares method against 11.8287 (4) 23.2181 (5) 22.9200 (6) 19.5955Ĳ11)
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